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We argue that due to parity constraints, the helicity combination of the purely mo-
mentum space counterparts of the Wigner distributions – the generalized transverse
momentum distributions – that describes the configuration of an unpolarized quark in
a longitudinally polarized nucleon, can enter the deeply virtual Compton scattering am-
plitude only through matrix elements involving a final state interaction. The relevant
matrix elements in turn involve light cone operators projections in the transverse direc-
tion, or they appear in the deeply virtual Compton scattering amplitude at twist three.
Orbital angular momentum or the spin structure of the nucleon was a major reason for
these various distributions and amplitudes to have been introduced. We show that twist
three contributions to deeply virtual Compton scattering provide observables related to
orbital angular momentum.
Keywords: GPD; electroproduction; transversity.
PACS numbers: 11.25.Hf, 123.1K
1. INTRODUCTION
Considerable attention has been devoted to the partons’ Transverse Momentum
Distributions (TMDs), to the Generalized Parton Distributions (GPDs), and to
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Fig. 1. (a) Left: Correlation function for a GTMD; (b) quark-proton scattering in the u-channel.
finding a connection between the two [1, 2, 3]. TMDs are distributions of different
spin configurations of quarks and gluons within the nucleon whose longitudinal and
transverse momenta can be accessed in Semi-Inclusive Deep Inelastic Scattering
(SIDIS). GPDs are real amplitudes for quarks or gluons being probed in a hard
process and then returning to reconstitute a scattered nucleon. They are accessed
through exclusive electroproduction of vector bosons along with the nucleon. In
each case there is a nucleon matrix element of bilinear, non-local quark or gluon
field operators. In principle both TMDs and GPDs are different limits of Wigner
distributions, i.e. the phase space distributions in momenta and impact parameters.
The purely momentum space form of those are the Generalized TMDs (GTMDs).
GTMDs correlate hadronic states with same parton longitudinal momentum, x
(assuming zero skewness), different relative transverse distance, zT , between the
struck parton’s initial and final states, and same average transverse distance, b, of
the struck parton with respect to the center of momentum [4] (Figure 1(a)).
Understanding the angular momentum or spin structure of the nucleon is a ma-
jor reason for these various distributions and amplitudes to have been introduced.
Recently, specific GTMDs and Wigner distributions were studied that are thought
to be related to the more elusive component of the angular momentum sum rule,
which is partonic Orbital Angular Momentum (OAM) [5, 6, 7]. Such theoretical
efforts have been developing in parallel with the realization that the leading twist
contribution to the angular momentum sum rule comes from transverse spin [8],
while longitudinal angular momentum, and consequently orbital angular momen-
tum, can be associated with twist three partonic components. The GTMD that
was proposed to describe OAM appears in the parametrization of the vector, γ+,
component of the unintegrated quark-quark correlator for the proton given in [3]
as,
u¯(p′,Λ′)
iσij k¯iT∆
j
T
M2
u(p,Λ)F14
where (p,Λ), (p′,Λ′) are the proton’s initial and final momentum and helicity, kT
and ∆T are the quarks’ average and relative momenta, respectively, and F14 is the
GTMD defined according to the classification scheme of Ref.[3]. Although this term
is suggestive of OAM, it is inconsistent with several physical properties, namely:
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i) it drops out of the formulation of both GPDs and TMDs, so that it cannot be
measured;
ii) it is parity-odd;
iii) it is non zero only for imaginary values of the quark-proton helicity amplitudes.
In order to develop a more concrete understanding of OAM that could lead to
the definition of specific observables, it is important to develop a physical sense
for the newly proposed partonic configurations and of their connection with the
quark-proton helicity or transverse spin amplitudes. In this paper, after examining
the constraints on the recently studied GTMDs from the invariance under parity
transformations, we perform a thorough analysis of their helicity/ transverse spin
structure, and we suggest that such terms can be non zero only at twist three. Our
findings corroborate the sum rule originally proposed in Ref.[9] (see also Ref.[10]).
They bear important consequences for the experimental access to orbital angular
momentum.
2. Leading Twist GTMDs
In Ref.[3] it was found that with parity invariance, time reversal invariance, and
Hermiticity there are 16 independent complex GTMDs for the quark-nucleon sys-
tem, corresponding to 16 helicity amplitudes for quark-nucleon elastic scattering.
However, we know that for elastic 2-body scattering of two spin 1/2 particles there
will only be 8 independent amplitudes. This follows from implementing Parity trans-
formations on the helicity amplitudes in the 2-body Center of Mass (CM) frame [11]
where all the incoming and outgoing particles are confined to a plane. In this plane
the Parity transformation flips all momenta but it does not change the relation
among the momentum components. In any other frame there will still be 8 inde-
pendent amplitudes, although they may be in linear combinations with kinematic
factors that appear to yield 16 . The counting of helicity amplitudes in polarization
dependent high energy scattering processes was addressed e.g. Ref.[12]. In order to
explain this point, and to investigate its consequences on the off-forward matrix
elements of QCD correlators, we first start by reviewing the helicity structure of
the GTMDs from Ref.[3].
To describe quark-proton scattering as a u-channel two-body scattering process
(Fig.1(b))
q′(k′) +N(p)→ q(k) +N ′(p′),
we choose a Light-Cone (LC) frame, where the average and relative 4-momenta are
P = (p + p′)/2, k¯ = (k + k′)/2, ∆ = p′ − p = k′ − k, respectively. We take the
skewness variable, ξ = 0 since this will not enter our discussion.
The unintegrated matrix elements defining the GTMDs and the quark-proton
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helicity amplitudes can be connected using the following definition,
AΛ′λ′,Λλ =
∫
dz− d2zT
(2pi)3
eixP
+z−−ikT ·zT 〈p′,Λ′ | Oλ′λ(z) | p,Λ〉|z+=0 ,
(1)
where in the chiral even sector,
O±±(z) = ψ¯
(
−z
2
)
γ+(1± γ5)ψ
(z
2
)
. (2)
Using the notation of Ref.[3], one finds the new contributions, F14, and G11, that
appear as linear combinations
i
k¯1∆2 − k¯2∆1
M2
F14 = A++,++ +A+−,+− −A−+,−+ −A−−,−− (3a)
i
k¯1∆2 − k¯2∆1
M2
G11 = A++,++ −A+−,+− +A−+,−+ −A−−,−− (3b)
F14 describes an unpolarized quark in a longitudinally polarized proton, while G11
describes a longitudinally polarized quark in an unpolarized proton.
Parity, however, imposes limits on the possible polarization asymmetries that
can be observed in two body scattering: because of 4-momentum conservation and
on-shell conditions, k2 = m2, p2 = M2, there are eight variables. Four of those de-
scribe the energy and 3-momentum of the CM relative to a fixed coordinate system,
while the remaining four give the energy and the 3-vector orientation and magni-
tude of the scattering plane in the CM. In the CM frame or, equivalently in the
“lab” frame with the p direction chosen as the z-direction, the net longitudinal po-
larization is defined by (σ ·k) which is clearly a parity violating term (pseudoscalar)
under space inversion (k→ −k). This implies that a measurement of single longitu-
dinal polarization asymmetries would violate parity conservation in an ordinary two
body scattering process corresponding to tree level, twist two amplitudes. We can
therefore anticipate that similarly to the TMDs g⊥, f⊥L , . . . in SIDIS, single longitu-
dinal polarization asymmetries are higher twist objects. On the other hand, notice
that polarization along the normal to the scattering plane [σ · (k × p′)] is parity
conserving under spatial inversion, thus giving rise to SSAs at leading twist [13].
Because of the parity constraints [3] F14 can therefore be non zero only if its
corresponding helicity amplitudes combination is imaginary. Hence it cannot have
a straightforward partonic interpretation. Integrating over kT gives zero for F14
meaning that this term decouples from partonic angular momentum sum rules (de-
tails of the calculation will be given in Ref.[14]). We conclude that this term should
not be included in the leading twist parametrization. A similar argument is valid
for the axial vector component.
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3. Twist three
In the presence of final state interactions parity relations apply differently. The
chiral-even twist three components were also parametrized in Ref.[3],
W γ
i
Λ′Λ =
1
2P+
U(p′,Λ′)
[
k¯iT
M
F21 +
∆iT
M
F22 +
iσjik¯jT
M
F27 +
iσji∆jT
M
F28 +
Miσi+
P+
F23
+
k¯iT
M
iσk+k¯kT
P+
F24 +
∆iT
M
iσk+k¯kT
P+
F25 +
∆iT
M
iσk+∆kT
P+
F26
]
U(p,Λ) (4)
where i = 1, 2. A similar decomposition applies to the axial counterpart. The twist
three correlators involve composite systems of a transverse gluon and quark for
which helicity and chirality are opposite. Since the gluon carries helicity but no
chirality, by imposing angular momentum conservation one obtains the opposite
chirality [15, 16]. This leads to the following expression for the helicity amplitude,
Atw3Λ′λ′,Λλ =
∫
dz− d2zT
(2pi)3
eixP
+z−−ikT ·zT 〈p′,Λ′ | O−λ′λ(z) | p,Λ〉|z+=0 , (5)
where O−λ′λ(z) is the twist three quark field operator.
Oq+−(z) = φ†+
(
−z
2
)
χ+
(z
2
)
− χ†−
(
−z
2
)
φ−
(z
2
)
(6a)
Oq−+(z) = χ†+
(
−z
2
)
φ+
(z
2
)
− φ†−
(
−z
2
)
χ−
(z
2
)
(6b)
(similar expressions are obtained for the axial vector case).
The helicity amplitudes combinations describing the unpolarized quark in a
longitudinally polarized proton, yield upon integration over kT , the twist three
GPD E˜2T . This was identified with OAM in Ref.[9],
E˜2T = −2
∫
d2kT
[(
kT ·∆
∆2T
)
F27 + F28
]
→ G2 (7)
where G2 is obtained from [9, 18, 19],
Fµ⊥ = G1
∆µ⊥
2M
+G2γ
µ
⊥ +G3∆
µ
⊥γ
+ +G4iµν∆
µ
⊥γ
+γ5 (8)
The twist 3 expressions should therefore replace the twist 2 combination corre-
sponding to F14, Eq.(3a) in the interpretation of OAM.
We know, in fact, that F14 decouples from physically measurable quantities. The
twist three GPDs enter the observables as Compton Form Factors in combination
with twist two as [18],
Feff = −2ξ
(
1
1 + ξ
F + F3+ −F3−
)
(9)
with F = H, E , .... In turn these Compton Form Factors (CFFs) enter the DVCS
cross section terms as magnitude squares and the Bethe Heitler interference term
as EM form factors times CFFs. The GPD of interest is G2, so we could already
find its signature in upcoming data analyses [23].
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4. Angular momentum sum rules
We now show how the results obtained in the previous Section determine the con-
tribution of OAM to the proton’s angular momentum sum rule derived in Refs.[20,
21]. While the derivation of the sum rule was carried out along similar lines in both
Refs.[20] and [21], the two approaches essentially differ in that in Ref.[20 ](JM) one
has,
1
2
=
1
2
∆Σ + Lq + ∆G+ Lg, (10)
where Lq(g) → r× i∂, i.e. corresponds to canonical OAM, while in Ref.[21] (Ji),
1
2
= Jq + Jg =
1
2
∆Σ + Lq + Jg, (11)
where Lq → r × iD includes dynamics through the covariant derivative. Fur-
thermore, Jg, the gluons total angular momentum contribution to Eq.(11) can-
not be split into its separate intrinsic and orbital components, in order to satisfy
gauge invariance. In Ref.[21] the quarks and gluons angular momentum components
were identified with observables obtained from Deeply Virtual Compton Scattering
(DVCS) type experiments. Both Jq(g) and Lq can therefore be measured owing to
the well known relation,∫ 1
−1
dxx(Hq(g)(x, 0, 0) + Eq(g)(x, 0, 0)) = Jq(g) →
Lq =
∫ 1
−1
dx x (Hq(x, 0, 0) + Eq(x, 0, 0))−
∫ 1
−1
dx H˜(x, 0, 0) (12)
What is crucial here is that in a subsequent development Polyakov et al. [9]
derived a sum rule for the twist three vector components,∫
dxxGq2(x, 0, 0) =
1
2
[
−
∫
dxx(Hq(x, 0, 0) + Eq(x, 0, 0)) +
∫
dxH˜q(x, 0, 0)
]
(13)
from which they deduced that the second moment of G2 represents the quarks’
OAM. By connecting this result with the twist three helicity amplitudes derived in
Section 3. we therefore conclude that the distribution of an unpolarized quark in a
longitudinally polarized nucleon does indeed measure OAM as the intuitive argu-
ments in Refs.[6, 7] suggested. However, this must be identified with a twist three
contribution. Our finding is in line with the recent observation that the same twist
three contribution, whose appearance had already been noticed in Ref.[9], is funda-
mental for solving the issue of defining the quarks and gluons angular momentum
decomposition within QCD [8, 10].
In order to connect the partonic interpretation of OAM in Eq.(13) which relates
directly to the Ji sum rule, with the JM decomposition, one needs to examine in
detail the nature of the twist three contributions. We find that OAM according to
the JM decomposition also appears at twist 3 and cannot be therefore identified
with F14. The results of this analysis will be presented in another publication [14].
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5. Conclusions
In conclusion, as a result of two-body kinematics and four-momentum conservation,
parity conservation in the Center of Momentum frame (CoM) for quark-nucleon
scattering limits the number of independent helicity amplitudes to eight - four chiral
even and four chiral odd. If each GTMD is considered at fixed values of its arguments
(with ξ = 0), then there will be a Lorentz transformation that depends on those
fixed values to bring the kinematics into a single CM plane. In that plane there will
be eight (complex) independent amplitudes. Hence the apparent sixteen GTMDs
at leading twist reduce to eight TMDs in one limit and eight GPDs in another.
In neither of those limits do F14 or G11 survive. They are thus not observable.
Nevertheless in various models these GTMDs are non-zero. It appears that these
non-zero results are coming about from the kinematics or from effective higher
twist components arising from quarks’ confinement. There can not be leading twist
CM amplitudes with the Dirac and kT ,∆T kinematic factors in the CM - the two
transverse momenta become planar and they have the wrong parity signatures.
Starting from this observation we proposed a QCD approach where: 1) single
longitudinal polarizations observables can be derived; 2) they involve twist three
distributions. Our approach is complementary to the one in Ref.[22] that was derived
using TMD factorization.
Our most important result is perhaps in dispelling the notion that what is be-
lieved to be the orbital angular momentum component of the nucleon spin sum rule
cannot be observed directly in hard scattering experiments. Both the JM and Ji
decompositions correspond to twist three contributions, and their validity can be
tested by measuring twist three GPDs. Some of these observables might already be
attainable from recent accurate Jefferson Lab measurements [23].
This work was supported by the U.S. Department of Energy grant DE-FG02-
01ER4120.
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